Abstract: Kinetic studies were performed on two types of leucite precursors. These precursors were prepared using a hydrothermal method at 150°C; the reaction time was 1.5 hours. In order to obtain precursors having different amounts of seed the molarity of KOH was changed. These intermediate products were subsequently calcinated from 5 minutes to 72 hours at temperatures of 850°C, 900°C, 950°C, 1000°C and 1050°C. The crystallinities of the powders were calculated by X-ray diffraction analysis. The crystallization curves for the synthesis of leucite exhibited a typical sigmoidal characteristic. Using different kinetic equations it was found that the Avrami-Eroféev model is the most appropriate to describe the experimental data. Using the Avrami-Eroféev model n reaches an average value of 2.9 which is connected with the three-dimensional growth of nuclei. The calculated activation energy of crystallization of leucite was 385 kJ mol -1 for non-seeded precursors and 246 kJ mol -1 for seeded precursors, respectively.
Introduction
Leucite (KAlSi 2 O 6 ) is a potassium aluminum silicate mineral formed by (Si,Al)O 4 tetrahedra, each of which shares all its oxygens with its neighbours [1] [2] [3] . Leucite exists as two polymorphs. The stable form of leucite at high temperature is cubic (high leucite) and as it cools there is a phase transformation to the tetragonal one (low leucite) in the temperature range of 500 -600°C. This transformation is rapid, reversible and continuous (transformation of the 2 nd order). Leucite was first introduced into the field of dentistry to increase the coefficient of thermal expansion (CTE) of final composite in a ceramics fused-to-metal system [4] . Conventionally, leucite dental ceramics are made by mixing a glass frit (having a low CTE and optionally containing pigments and fluorescent additives) and a leucite-containing frit (having a high CTE) in appropriate ratios. At present, several methods can by found for successful preparation of leucite. Typically, leucite crystallizes by the heat treatment of a precursor containing potassia, alumina, silica and other components such as alkali fluxes, nucleating agents etc. [5, 6] . Nucleation and crystal growth of leucite from a melt are very slow processes with control of leucite particle size being difficult. The glassceramics obtained by this method generally contain less than about 40 vol% of tetragonal leucite with the residual glass matrix. In 1994 Sheu et al. [7] prepared porous specimens containing a leucite phase, to improve its flexural strength. These specimens were prepared using the co-precipitation method and were sintered at 1200°C. Erbe and Sapieszko [8] used the sol-gel method to prepare leucite at 1000°C having the kalsilite phase as an impurity. Liu et al. [9] used the sol-gel method to synthesize leucite at a relatively low temperature of 900°C. Their final leucite specimens however contained a high amount of amorphous phase. In 2006 Zhang et al. [10] prepared high purity leucite powders at 850°C using the sol-gel method with CaF 2 as the modifier. In 2003 Novotná et al. [11] for the first time synthesized leucite by the hydrothermal method in a two step process at a very low temperature 200°C. Homogenous leucite powders with the particle size of 3 μm were prepared using ion-exchange of analcime. The reaction was preceded in a solution of KCl in a teflon-lined stainless steal autoclave [12, 13] . One year later (2004) Novotná et al. [14] hydrothermally synthesized leucite from an amorphous precursor followed by subsequent high temperature treatment at 1000°C.
In the last few decades the research was focused on different methods of preparation of leucite based materials followed by study of its properties. Though, the crystallization kinetic of leucite has still not been very well described. In 2007 Zhang et al. [15] firstly studied leucite crystallization kinetics with kalsilite as a transition phase using a non-isothermal DTA method. They found that the Avrami exponent n was 4.4 for kalsilite and 4.5 for leucite respectively. The calculated activation energy for the kalsilite crystallization was 103 kJ mol -1 and it was 125 kJ mol -1 for the leucite crystallization via kalsilite. However, the activation energy of crystallization usually depends upon many criteria (starting materials, preparation method, morphology, seeding etc.), and therefore it may vary widely. The aim of this work was to study crystallization kinetics of leucite formed from hydrothermally prepared amorphous precursor by heat treatment [14] .
Experimental Procedures

Synthesis
Hydrothermal synthesis of amorphous precursors is described below [16] . Starting sols were made by mixing aluminate and silicate solutions, which had been prepared separately by dissolving amorphous SiO 2 (Lach Ner s.r.o., Czech Republic) and aluminum powder (Lachema, Czech Republic) in a potassium hydroxide (Penta Chrudim, Czech Republic) solution while being stirred constantly. Thoroughly homogenized synthesis mixtures were treated hydrothermally in a Teflon-lined stainless steal autoclave. Reaction temperature was 150°C and the time was 1.5 hours for both precursors. The molarity of KOH solution was 3 mol L -1 for precursor 1 (P1) resp. 2.5 mol L -1 for precursor 2 (P2). The reaction products were thoroughly washed in boiling distilled water; vacuum filtered and dried in an oven at 100°C. Subsequently, the precursors were fired in electric furnace (Clasic, Revnice, Czech Republic) from 5 minutes to 72 hours at temperatures of 850°C, 900°C, 950°C, 1000°C and 1050°C.
Phase composition of synthesized products was identified by a X'Pert PRO powder diffractometer by means of parafocusing Bragg-Brentano geometry using Cu Kα radiation (k = 1.5418 Å, U = 40 kV, I = 30 mA). Data evaluations were performed in the software package X'Pert High Score Plus. The crystallinities of the samples were calculated by comparing the sum of intensities of the XRD reflection peaks in the range 24 -35° 2Θ with that of the sample having the largest sum of the intensities in the previously mentioned range. The kinetics curves were obtained using the software Origin. The morphology and the particle size analyses were performed using scanning electron microscopy (SEM, HITACHI S4700).
Results and Discussion
X-Ray diffraction patterns of precursors are described on Fig. 1 . As it is shown, precursor 1 is fully amorphous while precursor 2 contained certain amounts of crystalline phases. These crystalline phases were determined as a various modifications of Al(OH) 3 , possibly due to the low molarity of KOH solution The main phase was bayerite (α-Al(OH) 3 ) followed by gibbsite (γ-Al(OH) 3 ) and dickite (Al 2 Si 2 O 5 (OH) 4 ).
After the calcination of the precursors, leucite crystallization was calculated from XRD patterns of the samples obtained at different crystallization temperatures and times. The degree of crystallinity was evaluated by the ratio of sum of the XRD areas (2Θ = 24 -35°) of the samples under consideration to that of most crystalline sample obtained during the studies [17] [18] [19] [20] [21] . Fig. 2 demonstrates the crystallization process for temperatures 950°C and 1000°C for both precursors. Characteristic peaks of leucite start to appear at different period in dependence on both temperature 
Characterization
and time. The influence of the seeded samples is also evident from Fig. 2 . The seeded precursors make the crystallization temperature and time of tetragonal leucite significantly lower. For the unseeded precursor P1 and a temperature 850°C, leucite did not appear even after 3 days while using the seeded precursor P2, leucite occurs already after 1 hour.
The experimental data for both precursors were fitted to the Avrami-Eroféev expression (1):
where α is the crystallinity at time t, t 0 is the induction time, k is the reaction constant and n is the Avrami exponent. The crystallization kinetics curves were simulated using the software Origin, Fig. 3 . The curves exhibit a typical sigmoidal shape (S-shaped) characteristic of a process indicating different rates of crystallization at different times. The curves of the crystallization can be divided into three periods; induction period, transition period and crystal growth [22] . Table 1 gives the parameters of the crystallization process which where obtained from the Avrami-Eroféev expression. Induction time t 0 of the studied process was determined as a time at which the X-ray diffraction reflections started to appear.
The parameters n, k and R were calculated in the linear range of conversion by Sharp-Hancock method.
Using the Avrami-Eroféev model n has values between 2.6 and 3.1 (average value of n = 2.9). The exception is for values n = 5.4 (precursor 1, temperature 950°C) and n = 2.1 (precursor 2, temperature 900°C) which are significantly higher. According to Avrami-Eroféev the values of n ~ 3 are connected with three-dimensional growth of nuclei [23] . The activation energy (E a ) of the crystallization of leucite was calculated from a plot of lnk obtained from the Avrami-Eroféev equation (2) against 1000/T (Fig. 4) .
where k is the reaction constant, A is a frequency factor, R is the gas constant and T is the absolute temperature. The activation energy calculated from the slope was 385 kJ mol -1 (precursor 1) and 246 kJ mol -1 (precursor 2), respectively. Fig. 5 shows SEM images of both precursors (P1-percursor 1, P2-precursor 2) used for the syntheses. It is evident, there is no obvious difference in morphology for these gels. The gels mainly consist of aggregates with three-dimensional submicron particles having diameters of 30 -100 nm. SEM images of calcinated samples from precursor 1 are given in Fig. 6 . The temperature of calcination was 1000°C and time 1 h (A), 3 h (B) and 6 h (C). SEM photographs of sample A show both the gel particles and the leucite. This observation is in agreement with XRD seen in Fig. 3 . Images B and C show hard agglomerates of calcinated samples, where leucite particles were observed. It was found, these particles have a tendency to increase its particle size with increasing calcinations period. From the disrupted surface of a calcinated sample C-3, interestingly it was found that the particles possess a structure, similar to a pseudo-trapezohedron, which is typical for leucite.
Conclusion
Results on the crystallization kinetics for seeded and non-seeded precursors along with characterization of the products were reported here. The experimental data were fitted to the Avrami-Eroféev expression.
The calculated Avrami constant was n = 2.9 for both precursors. The formation process was nucleation with three-dimensional growth of nuclei. The calculated activation energy of crystallization of leucite was 385 kJ mol -1 (precursor 1) and 246 kJ mol -1 (precursor 2), respectively. It was showed that seeding of the precursor enhances the crystallization of tetragonal leucite. This enabled lowering the temperature and time of heating process significantly.
